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In heavy-ion inertial confinement fusion, ion beams are transported several meters through the
reactor chamber to the target. This standoff distance mitigates damage to the final focus magnets and
chamber walls from the target explosion. A promising transport scheme makes use of a preformed
discharge channel to confine and guide the beams. In this assisted-pinched transport scheme, many
individual beams are merged into two high-current beams for two-sided illumination of the fusion
target. The beams are combined and focused outside the chamber before propagating at small radius
in the discharge channel to the target. A large beam divergence can be contained by the strong
magnetic field resulting from the roughly 50-kA discharge current. Using a hybrid particle-in-cell
simulation code, we examine the dynamics of heavy-ion inertial confinement fusion driver-scale
beams in this transport mode. Results from detailed two-dimensional simulations of
assisted-pinched transport in roughly 1-Torr Xe suggest that the Xe plasma becomes sufficiently
conductive to limit self-field effects and achieve good transport efficiency. Coupling to a published
target design is calculated. In addition, results from a semianalytic theory for resistive hose growth
are presented that explain three-dimensional simulation resultB0@ American Institute of
Physics. [DOI: 10.1063/1.1570421

I. INTRODUCTION quired to supply neutralizing electrons near the region of
injection into the chambér Some neutralization is also pro-

Heavy-ion inertial confinement fusiditiIF) requires the  vided by ionization of the background gas { mTorr) and
focusing and transport of ion beams over several metergy photoionization from early-time target radiatithThis
through the chamber to the tardeA sizable transport dis- option is attractive for the short transport lengthsughly 3
tance prevents damage to the final focus section of the accah) envisioned for thick liquid-wall chambérsbecause the
erator and chamber wall from the target explosidfo re-  deleterious effects of space charge grow with transport dis-
duce the cost of the accelerator driver, current HIF designgance. Pinched modes are possible for all chamber scenarios
include lower energy and higher current ion beams. Thesgcluding wetted-wall and dry-wall that typically require
larger-perveance beams require a higher degree of ion charggger chambers, and, hence, longer transport lengths of or-
and current neutralization in the chamber. Ballistic transportjer 4—6 m. Both pinch modes are attractive because the
(mainline transport mode for the U.S. HIF progiauses a  chamber entrance holes are small, and because these modes
final focusing lens just outside the chamber to focus eackccept beams with less stringent requirements on beam emit-
beam onto the target and a supply of electrons to providgance and longitudinal energy spread.

neutralization (neutralized-ballistic transport, or NB? Channel transport has already been demonstrated with
Assisted-pinched transpof®PT) uses a preformed channel high-current  light ion beams in wall-stabilized
created in a ga$l—10 Tor) by a laser and a z-discharge gischarge€®%15At the Naval Research Laboratory, 50-500
electrical circuit to create a frozen magnetic field before thegea of 1-MeV protons have been efficiently transported over
ion beam is injected:® Self-pinched transportSPT) uses  gistances of 2-5 ¥ Transport in freestanding laser-
the ion beam to break down a Iow_—pre_ssure @5100 generated discharges was pioneered at Sandia National
mTorn),”*® and the net self-magnetic field confines the| aporatories:® Recently, channel experiments at Lawrence
beam. A recent review of these leading candidate schemq;erkdey National Laboratory have demonstrated stable
can be found by OlsoH. These transport schemes impact thechannels with currents of 55 kA and a 4-mm radil&ow-
design, not only of the accelerator, but also of the fusionyrrent heavy-ion beams have been successfully transported
target. _ ~in these dischargé$.The present HIF channel transport sce-
NBT, the current U.S. HIF program baseline, requiresparip uses two clusters of beadisFor each cluster, several
>90% charge neutralizatiof. Plasma generators are re- beams are combined in an adiabatic lémsapered discharge
channel®~23 and then injected into a single main z-discharge
dElectronic mail: drwelch@mrcabg.com channel. Initial simulations of APT including self-field
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Adiabatic section beam and by making use of an adiabatic invariant. If we

R . X . .
assume a uniform discharge current density, the potential
By (normalized by the electron rest mass engm@y a function
of radiusr is given by
[ 1y | 7o Ze B, r\?
< L > Channel current /. A= mc E ' 2

FIG. 1. A schematic of the APT system is sketched. After the final focusWhererC !S the Ch"?mnel radius aﬁ(j IS_ th? ?hannel_ current.
magnet, many beams of radiBsare transported a distante captured and N_OW an ion ente”ng the channel W'th initial _radlﬂs anq
combined in the adiabatic discharge lens, compressed, and transported to twéth divergence#; will reach a maximum radial excursion
target. g|ven by

1/2
effect€® have shown the importance of including the resis- ri0=(ri2+ 2 |_A9i2r§i) : &)
tive decay of plasma currents. i . ¢ i o

In this paper, we focus on the APT scheme pertaining toA_S the adlgbatllc chan'nel radius decrgases from its |n|.t|al ra-
a thick-liquid wall chambetradius of 3 m. We make use of diusr; to its fmal radiusr ¢, the_maX|mum lon excursion,
the hybrid simulation coderrop (Ref. 24 that includes ©F Larmor radius, can be determined, assuming the magnetic
modeling of the gas breakdown for 1-Torr ambient Xe gasﬂux encwcle_d by th_e ion orbit is an adiabatic invariant for_ a
pressure. Here, detailed 2D simulations of full driver pulsesS!oWly varying radius. For a linearly focused beam with
and coupling to a target are shown. The paper is organized &/t€r radius’s and focusing angl@y,, the rms beam radius
follows. A simple theory of the APT focusing system is de- &t €quilibrium is given by
rived in Sec. Il. Detailed 2D calculations of target coupling 1[re]2? [ s a5,
are discussed in Sec. Ill. A semianalytic description of the rbzz r_} 2rg+ I—Hmrci. (4)
resistive hose instability is presented with results in Sec. IV. ¢ ¢

Our conclusions follow in Sec. V. The equation shows that the initial Larmor radii of the ions
can be adiabatically compressed by the ratio of final-to-
II. BASIC ASSISTED-PINCHED TRANSPORT THEORY initial channel radius to the 2/3 power. The required current

) . still scales as the Bennett pinch condition. One can easily
The basic scheme for the transport of HIF beams in d'STind the optimal initial channel radius if we assume=r

charge plasma channels is shown in Fig. 1. The discharge 1S7d minimize the discharge current with respect torthe
created in two stages. Guided by laser ionization, an electriy, find that the optimized ;;=3%4(r3r.)¥2. Using the
Cl s'C "

cal prepulse forms a reduced density channel in the ambienf, e results, for nominal parameters under consideration,

5-Torr Xe gas. Then, a main pulse produces the 50-kA dis; _ 1 oy ¢ =rp=0.5cm, 6,,=0.03 rad, the required dis-
S 1 lc . » Ym . ’

charge. lon beams are combined into two channels that Eharge current from the above equation is 42 kA with
minate at opposing sides of the fusion target. Return current 3 5 -,

channels are created at right angles to the beam carrying 5 key assumption made in the above theory is that self
channels for symmetry considerations. The basic concept bgg 45 can be neglected, i.e., the plasma conductivity is infi-
hind pinched transport modes, including APT Qnd SPT, 5hite. In this limit, the discharge magnetic field remains con-
that the outward force caused by the beam divergence igant and beam ions follow single-particle trajectories. For
contained by thesx B Lorentz force. For identical Bennett ginite conductivity,o, the growth in timet of net current
beam and net current profiles, the matched divergence in Ases linearly from O to the beam curreh} in time =,
discharge or self-field channel of total net currgpt(sum of  _ 770'I’§/C2 (the magnetic diffusion timeA rise inl ., com-

peam e_tnd _aII plasma currents, including the Qischarge.c.urrele)tarame to discharge curreht can lead to a nonlinear non-
if any) is given by the well-known Bennett pinch condition, uniform focusing force and instability. Far,=6 MA, to

Inet= 021 A, (1) keep the rise il <14 for an 8-ns pulser,>1 us. For a
0.5-cm beam radius, this requires>10*° s~ 1. This require-
ment on conductivity sets a lower limit on the plasma elec-
E;[ron temperature of roughly Z3-10 eV.

where | ,=mc®/Zeyp, is the ion Alfven current. For rel-
evant HIF parameters, of 10—-50 KA is sufficient. In the
APT scenarid, many beams are captured at 1-cm radius in
tapered discharge channel that combines and compresses the
beams to roughly 0.5-cm radius. Simulations, accounting fo ”I'Qfﬁs'gggﬁ SIMULATIONS OF ASSISTED-PINCHED

the magnetic fields of the 50-kA discharge currehyj) (but

neglecting beam self fields, have shown excellent capture, In this section, we present 2D simulations including the
adiabatic focusing, and transport of a HIF beZninitial effects of beam self fields and gas interaction usingrkepr
simulations of APT transport including self fields have code?®?* These simulations are electromagnetic and make
shown reduced, but adequate, efficiefitif we ignore self use of a tensor conductivity model to describe the plasma
fields and assume single particle trajectories, the beam radiwdectron current. The HIF ion beams envisioned for APT are
can be computed from a simple energy argument relating thiighly stripped Z>60) in the Xe gas and reach MA electri-
Lorentz potential to the incoming transverse energy of thecal currents. Beam ionization is so intense that the weak-
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plasma assumption is no longer valid. Modifications to the 3 dT, 3n.m, (T;—T,)
code involved simplified models of the discharge channel  5MNe g =~y — -
initial conditions, collisional heating and stripping of the gas

by the beam. The results show the effect of self fields that + Qe (8)
contribute to degraded beam transport through inductive ero-

sion; emittance growth and hose instability can be toleratedvhere T; and v, are the ion temperature and the electron
due to the production of a highly conductive plasnmopP  velocity. The first term on the right-hand sid@HS) of Eq.
uses a two-fluid treatment for the plasma ions and electrongg) is the ion-electron thermalization. The next term is the
The plasma electrons have temperatliggand momentum  Ohmic heating term. The thermal diffusion te(third term
transfer frequency,,. The Ohm’s law for plasma electron on the RHS of the above equatjois characterized by the
current used in the electromagnetic field solver Js  thermal conductivityx. The ion-beam heating ter®, as-
=0(Vpe/Ng—Ujv,+E+UuXB), wherepg(neTe), Ne, and  sumes that a fraction (1f,) of the Bethe energy loss for

u; are the electron pressure, electron density, and plasma iateutral Xe is deposited in the free electrons. Thus, we ignore
velocity, respectively. The plasma ions are treated with Lathe weak effects of the multiply charged gashich only
grangian fluid equations. The energy equation includes onlghow up in the Coulomb logarithminelastic losses of free
the self-work term and the electron-ion thermalization termelectrons, such as radiation and excitation of bound elec-

+1. 2ym+ V-
m P~ 1.9Mvev,+V-kVTe

characterized by the usual equilibration timg, trons, are neglected.
Several approximations are also made concerning the
3 dT, 3nmg beam interaction with the plasma. Described in Ref. 24, we
SNigp = ~PiV-uit nm; Tie(Te_Ti)’ (5 assume the Moliere multiple-scattering formalism and Bethe

slowing down in neutral Xe. Finally, the beam charge state is
wheren;, T;, andp; are the plasma ion density, temperature,he|d7f'x_ed and is assumed to have stripped to this seate,
and pressuren(T;). The equation of motion includes the Pb" "2 in the ballistic drift section before entering the adia-
pressure gradient, electron friction, and electromagneti®atic discharge section. A modest spread in charge state,

forces, from examination of Eq(4), would not have significant im-
pact on the final radius.
du Vp, _ Thg IPROP code is used to simu'late the intense beam
m; rTa n_| +(U—Uu))vyt+Ze(E+u;XB). (6) interaction with a Xe plasma for APT in an HIF chamber. We

use a realistic set of “foot” and “main” pulses that are re-

. - _ ) _quired to couple into the hybrid target design of Callahan and
The new modeling pertaining to the intense interactionrapak2” This hybrid target requires a larger beam spot of

of the heavy ion beam with the discharge plasma, first dis;o . ghly 5 mm' relative to the distributed radiator target
qussed in Ref. 23, is now descrlt_)ed. Plasma electron dens(|3_mm spot.2 The foot beam is a lower energy and current
ties are advanced with the following equation: beam that preheats the hohlraum. The main pulse arrives
immediately after the foot pulse and drives the radiation tem-
%:VJ +W—1d_Ef n @ perature in the hohlraum to its peak value. In our simula-
ot © dt P tions, the foot pulse is a 12.5-képarticle current 3-GeV,
and 25-ns pulse length P ion beam. The main pulse has

wheredE/dt is the fraction of the Bethe collisional energy- a 66.5-kA current, 4.5-GeV energy, and 8-ns pulse length.
loss rate of the beam ions from interaction with the bound XeThese uniform density beams are injected with a 30-cm outer
electrons. For simplicity, we assume this fractipis the  radius, 10 m upstream from the discharge. The microdiver-
ratio of bound electrons to the Xe atomic number. The engence @;=rms deviation of the mean transverse beam mo-
ergy to produce an ionizatiom=25 eV for neutral X&%is  tion) is taken as 1 mrad. The beam is transported ballistically
assumed to increase with the square of the new ionizationver a distance of 10 m reaching roughly an 8-mm outer
state. Due to the expected high electron temperatures anmddius () at the entrance to the discharge.
dominant effect of ion impact ionization, we neglect the ef-  The adiabatic discharge channel has an axially depen-
fects of electron recombination and avalanche in these cabent radius and reduced densifslling linearly from 5 Torr
culations. Energy-dependent electron-neutral momenturat z=0 to 0.5-Torr forz>125). The discharge is sharp-
transfer frequencié8 and Spitzer collision frequencies for edged withr,;=2 cm falling linearly tor =0.5cm atz
the electron-ion interaction are used with anomalous resistiv= 125 cm (distance from the entrance to the adiabatic dis-
ity ignored. charge channgl The Xe ionization fraction is initially 0.9

The extremely rapid evolution of the electron energy andwith a 3-eV plasma temperature. The current density, re-
the multiple stripping of the Xe atoms demand a more deduced gas density, and the ionization fraction have square
tailed model. Thus, the electron energy equation has beemadial profiles. The initial conductivity is 32910 s™ !
modified to account for time-dependent evolution unlike thewithin the channel.
usual steady-state approximation in which all electron at- In our nominal simulation, we examine a 50-kA dis-
tributes are modeled as a function of the ratio of electriccharge in which the simple theokgee Sec. )l predicts the
field-to-ambient gas densityE(p). In the new model, the beam edges should compress to roughly 4.6 mm. The beam
evolution of T, is described by the equation, particles at various propagation times through the discharge
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are shown in Fig. 2 forrroP simulations without and with growth. As a result, inductive energy losses are tolerable
self fields. As expected, without self fields the beam is com{roughly 4%. This loss is less than the 6% loss due to col-
pressed in the adiabatic lens section to an outer radius disional interactions with the gas. A plot of the time-
roughly 4.5 mm. With self fields, however, as the beam osintegrated beam deposition for this simulation compared
cillations slowly damp, a low-density halo of beam ionswith an ideal simulation, where no scattering or self fields
forms. The local growth of self fields is very sensitive to theare modeled, is shown in Fig. 4. The time-integrated beam
plasma electron temperature evolution that sets the plasnrans radius on target is 3.5 mm. The total energy transport
resistivity through Spitzel, rises on-axis to nearly 4 keV at efficiency at 450 cm is 85%. The main deleterious effect of
the beam waists. Within 2 ns at a given z position, the temthe propagation is the formation of a halo. Some ions interact
perature rise increases the conductivity abov® $0' and  with the oscillating self-magnetic field imprinted by the
rises to nearly 1 s~ after 20 ngnear the back of the foot gross beam motion shown in Fig. 3. These ions are kicked
pulse. The average charge state of the Xe gas rises to 10—1&ut to larger radius where they scatter in the more dense
by this time and plateaus. The plasma monopole magnetis-Torr wings. The core of the beam remains focused.
decay time also increases to nearly$, sufficiently long to We now look for any sensitivity in the beam transport as
slow self-field growth as described in the previous sectionthe channel current and beam divergence is varied. The sta-
The spatial variation of the magnetic fields after 80 ns isbility of the discharge channel can be a function of the dis-
plotted in Fig. 3. We see significant axial rippling of the self charge current; a reduction of this current is preferabkopP
field that reaches a maximum of 45 kG. The total net currentsimulations of discharge currents from 25—-75 kA were run.
calculated at the radius containing half the beam currenfThe sensitivity of the transported beam energy was quite
increased to only 80 kA. The net current growth is of thesmall. As the current dropped from 75 kA to 25 kA, the
order of that predicted at the end of Sec. Il for magneticefficiency of transported beam energy within 5 mm fell from
diffusion. Inhibition of the plasma return current from mag-

netic tensor effects does not significantly enhance net current

35
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FIG. 4. The time-integrated beam energy deposition at the target (
FIG. 3. (Color) Contours of the magnetic fields at 80 fieam head is at =450 cm) is plotted for the nominal beam/channel simulations. The energy
z=408 cm) for the nominabropPwith self fields is plotted. In this case, the has been radially integrated to yield the beam energy contained within a
Pb" 72 ion beam is injected into a 50-kA discharge channel. given radius.
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87% to 80%. At 25 kA, the beam profile was becoming moresection, we present detailed analytic modeling that suggests

annular and a more rapid loss of efficiency is expected fobetatron detuning as the explanation for the enhanced stabil-

lower discharge currents. Similar results were found as théy of the beam-to-hose motion.

beam divergence is increased from 1 to 2 mrad. The transport We make use of the well-known spread-mass model in-

efficiency falls from 85% for 1 mrad to 81% for 2 mrad. troduced by Le® to include orbital phase-mixing effects

Again, at the higher divergence value, the profile beam beinto the analysis of the resistive hose instability. For a Ben-

comes more annular. nett beam of radius,, and current,, and a fixed conduc-
We also expect little variation in beam transport effi- tivity profile o(r) with on-axis peak valuer,, the spread-

ciency for different beam ions. If we assume a fixed beanmmass equations may be written as

charge-state fraction of the atomic number, the charge-to-,

2.4
mass ratio of the ion is nearly constant and their confineme Yy — — k2l Y, — 1 foc BuTrpCAL(U) 9)
in the electromagnetic fields of the channel is also nearly adZ BlU7 1=fJo (uP+1p)dl, ’
constant. Furthermore, the ion velocity of ©.8etermines
the optimal range in the target radiator. Thus, in order to keep&_[l i[rA (r)]] _ 8rea(r) 9A
the energy on target fixed, as the ion mass decreases, the i6h| T " ' rhoo 07
energy decreases in proportion and the total ion current must 16121
increase. The electrical current is then also nearly a constant. — _ —ggw ), (10)
The only major difference in the beam/gas interaction is the (rP+rget 7

beam impact ionization and the beam energy loss in the 98§here r=t— z/v, measures time back from the head of the
which are, of course, related. Usingror, we simulate a  pagm

Xe't 4 beam keeping the total beam energy fixed. The result-
ing transported beam energy within 5 mm was identical to  , 20Bl(1—f)

the Pb beam at 85% although the radial profiles were not 2~ yMco2r2 (D
identical. These results show little sensitivity to fairly large 5
variations in discharge or beam conditions. ool

TB= 2C2 y (12)

is the dipole decay time, anfdis the neutralization fraction
IV. SEMIANALYTIC RESISTIVE HOSE THEORY [ ne= (1= )1p]. In Egs.(9) and(10), Y, is the centroid of

. . . . . the beam disk labeled by the index(0=< »=<1) andA(r)

As with any propagating beam in a resistive medium,. ; .

. : : is the perturbed magnetic vector potential. The angle brack-

particularly given a strong plasma return current, APT is sus—etS denote the mean value of a quantity, e.g

ceptible to the dipoleri=1) “hose” instability. Hose is a T

resistive instability driven by the phase lag between the per- 1

turbed beam current and the plasma return current. Closed <er>:J’0 d7g(n)Y,, (13

expressions for the growth time of the instability have been

derived for Bennett beam and conductivity radial profileswhereg(z)==67,(1-») is the weighting function for a Ben-

with half-current radius,, . Ignoring plasma current neutral- nett beam. For perturbations of the usual form &k

ization, thee-folding time for the fastest growing mode in +k2), wherek denotes the Doppler-shifted wave number,

the beam frame is given by 0.69,2° where the dipole decay the equations may be combined to give

time 74= maril2c?, La.mpéolfo.ur?d thee-folding time inthe 8i w750 (1)Ay(1)

highly current neutralized limit ige~0.597yl 1ot/ l . 7e IN- a—{ —_—

creases withl o, suggesting higher current discharges are ' Tolp

preferable. Note .that the net currentzgrowt.h and characteris- 24yr < ﬂkf; > = 4u2A,(u)du

tic hose growth time have the saroeg scaling. We expect =— >3 > J 573

a strong coupling between the equilibrium and dipole (re+rp)°(1=1) \ pkz—k?/ Jo (u®+rp)

behavior. (14)
To study the complex interaction between net curren

evolution and hose growth, we usetkor, adding a second

azimuthal moderfi=1). This work was presented in an ear-

lier paper’® In these simulations, the conductivity was not

permitted to evolve and only pinched propagation with con- rry

stant channel radius of 0.5 cm was mode(én simulations Aq(r)= m (15

did not include the adiabatic lens sectioifthe hose growth

over 2-m propagation was seen to be benign. In some case¥hich leads to the dispersion relation

with conductivity consistent with that calculated in the above (f+0.69

2D simulations(with 2-us dipole decay lengih beam per- W= I=T)rg’

turbations simply damped. As the conductivity was reduced B

yielding an 80-ns decay length, the beam centroid grew onlyvlaximizing Im(—w) for realk gives a peak temporal growth

a factor of 2, much less than simple theory suggested. In thigate**° of

I>For the special case of a Bennett conductivity profile with
channel radius equal to the beam radiug, Le€”® showed
that Eq.(14) implies

(16)
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TABLE |. Results from numerical integration of Eq®) and (10) for vari- at peak growth KEO.SZKB) varies ad ne{rb, corresponding

ous values of net current and beam raditi®at conductivity profile with

To=2X10%s 1) to wavelengths of 22.2 cm at the beam head to 3.7 cm at the
tail. These values are in good agreement with those inferred
rp (cm) Inet (KA) kg (cm™Y) 7 (n9  e-foldings from theiProPsimulations of Ref. 23. Accordingly, Eq)
0.500 50 0.147 87.0 3.88 and (10) were again integrated numerically, this time with
0.354 100 0.294 43.5 3.76 I net@ndr, varying with ~ during the course of the integration
0.289 150 0.441 29.0 3.67 from 50 kA and 0.5 cm at the beam heag=0) to 300 kA
0.250 200 0.568 21.8 3.60 and 0.204 cm at the tail#=8 ns). The result of this calcu-
0.224 250 0.735 17.4 3.53

lation was approximately 1.8-foldings of growth, substan-
tially less than the constant net current and beam radius cases
summarized in Table I. This lends strong support to the no-
tion that the variable betatron wavelengtietatron detuning

K2 is the explanation for the relatively low hose growth ob-
f+< >

0.204 300 0.882 14.5 3.47

IwTBZ(l_—Bf) (17)

served in the simulations.

V. CONCLUSIONS

for k=0.52kg. Using semianalytic theory and therop code, we have

In order to consider the implications of arbitrary conduc-examined the APT mode currently under consideration for
tivity profiles, we discretize Eq(14) by settingr=nAr, n  HIF chamber transport. The key advantage of the pinched
=1,2,3,... to obtain an infinite system of linear equations formodes is that the beams are focused before the chamber.
the components of the vectdn(nAr). The system may be Thus, the focal length of the beam is separable from the
truncated at some largeAr (typically 20 to 30ry, in these transport length in the chamber. This separation potentially
calculationg, and the determinant of the resulting coefficientrelaxes the accelerator requirements on emittance. The APT
matrix set equal to zero to obtain a dispersion equationsimulations are encouraging in that nearly 90% energy trans-

Keeping the Bennett shape for convenience, we find port is achieved. The plasma conductivity mitigates bwoth
(f+0.69 (r =0 net current growth anoh= 1 hose instability growth. We
0= W (r—c) (18)  find that even for conductivity well below that calculated by
— )78 b

IPROP, the hose motion is effectively reduced due to the rap-
wherer . is the (Bennet} radius of the conductivity profile. idly changing beam betatron wavelength that detunes the in-
Some values oh determined by the numerical procedure stability. The wavelength increases rapidly as self-magnetic
outlined above areh(1)=1, h(2)=0.413, h(4)=0.318, fields grow in the resistive medium. This observation, first
h(=)=0.292, the last value corresponding to the flat conducseen in simulations, is confirmed in a spread-mass analytic
tivity profile case. For beams nearly fully neutralizefdijs model of the resistive hose including variable current neu-
near 1, and we see immediately from Efj7) that the peak tralization effects. This model shows that the hose growth for
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